Preparation of integral membrane proteins for structure elucidation is notoriously difficult due to two major barriers: expression yields of properly folded proteins, and the selection of appropriate (i.e., solubilizing) solution conditions. With the advent of high-throughput structural proteomics methods, expression of membrane proteins can be screened rapidly. In addition, different Escherichia coli strains (Miroux and Walker 1996) , coexpression with helper proteins (Chen et al. 2003) , and fusion tags (Weiss and Grisshammer 2002) have been developed to facilitate recombinant-expression of membrane proteins. However, difficulties still remain in optimizing the expression of membrane proteins. Limited empirical data have been acquired on membrane protein expression, and it is unclear why some overexpress and others do not.
The second major barrier in membrane protein structure determination is the choice of solubilizing reagents. Typically the solubilizing reagent is a detergent, which, when above its CMC, forms a protein-detergent complex (PDC) in which micelles encapsulate the hydrophobic regions of the protein while exposing their hydrophilic head groups. Although the hydrophobic interactions between the detergent and the protein are similar regardless of which protein or detergent is considered, a protein is generally only soluble in a select few detergents, which vary depending on the protein. Therefore, for each protein, several solubilizing conditions need to be screened. Recent studies have utilized high-throughput efforts to screen expression (Eshaghi et al. 2005; Korepanova et al. 2005 ) and detergent conditions (Eshaghi et al. 2005) to generate a few conditions that yielded crystals (Dobrovetsky et al. 2005) or NMR spectra (Krueger-Koplin et al. 2004; Tian et al. 2005) . However, screening solubility is not the only requirement for structural studies of membrane protein samples; the proteins need to be properly folded in the detergent conditions. Detergents can solubilize membrane proteins in inactive conformations (Vinogradova et al. 1998; Bowie 2001 ) and non-native folds (i.e., soluble aggregates). In the absence of a functional assay, methods for screening the overall fold and homogeneity of PDCs are needed in order to facilitate the structure determination of the ;50% of membrane proteins that have unknown function.
In this study, the high-throughput expression pipeline of the Joint Center for Structural Genomics (Lesley et al. 2002) was used to assay the expression of Thermotoga maritima a-helical membrane proteins in E. coli. T. maritima has ;446 putative a-helical membrane proteins that vary from one to 16 transmembrane helices (Fernando et al. 2004; http://144.16.71 .10/thgs/). Fortyfive of the smallest a-helical membrane proteins (MW < 16 kDa; shown in Supplemental Fig. 1 ) were selected as protein targets for solution NMR structure characterization and elucidation. Although TROSY-based NMR techniques have advanced the molecular weight limitations to ;100 kDa (Riek et al. 2000) , smaller proteins were chosen due to the additional contribution that the detergent micelle and potential oligomers will have on the overall molecular tumbling.
The 45 targeted T. maritima membrane proteins were assayed for expression in E. coli. The expressing proteins were solubilized, purified, and subjected to a screen of 11 detergents (Table 1) in order to obtain soluble membrane proteins for structural studies. The detergent-soluble proteins were characterized with small angle X-ray scattering (SAXS), nuclear magnetic resonance (NMR) spectroscopy, circular dichroism (CD) spectroscopy, and chemical cross-linking to evaluate the homogeneity, the oligomeric state, the radius of gyration, and the overall fold. SAXS is a technique used to characterize the size and shape of macromolecules in solution, and has been widely applied to water-soluble proteins and nucleic acids (Doniach 2001; Svergun and Koch 2003) . In addition, detergent micelles have been investigated with small-angle neutron scattering (Hayter and Zem 1982; Bendedouch et al. 1983; Lin et al. 1986; Bezzobotnov et al. 1988; Thiyagarajan and Tiede 1994) and SAXS (Dupuy et al. 1997; Zhang et al. 1999; He et al. 2002) . A major challenge in the analysis of the scattering data of PDCs is that the signal has contributions from both the PDC and ''empty'' detergent micelles, which need to be separated in order to obtain information about the size and shape of the PDC. Engelman and coworkers (Bu and Engelman 1999) used SAXS to characterize the molecular weight and the radius of gyration of membrane proteins in detergent micelles by carefully matching the average electron density of the buffer to that of the detergent, such that the scattering contribution from the detergent molecules cancels. However, matching the electron density in this way is only possible for a select few detergents that have an electron density similar to that of the buffer. The scattering contrast for SAXS measurements is difficult to adjust, in contrast to neutron scattering experiments for which the scattering contrast of the buffer solution can be changed relatively easily by adjusting the ratio of D 2 O to H 2 O. An alternative approach, employed by Loll and coworkers (Loll et al. 2001) in light scattering studies on PDCs, is to exhaustively dialyze the sample against a buffer of known micelle concentration to ensure a fixed concentration of free detergent micelles and to subtract their scattering signal. This method is problematic for screens involving many different protein-detergent combinations, as for each PDC, dialysis conditions need to be optimized and several days of dialysis are required. In this study, a SAXS method is presented to estimate the oligomerization state of the protein and to measure the radius of gyration of the PDC without the need to match solvent or detergent properties or perform dialysis providing a method well suited for high-throughput screening.
One-dimensional (1D) 1 H (Rehm et al. 2002; Peti et al. 2004) and two-dimensional (2D) 15 N, 1 H-HSQC NMR (Folkers et al. 2004 ) spectroscopy has been implemented into several structural genomics centers in order to evaluate the quality of protein samples for NMR and crystallographic structure determination. In this study, the applicability of 1D 1 H NMR screening to membrane proteins is explored. A 1D 1 H NMR spectrum can be recorded in a few minutes, and a qualitative estimate of the amount of secondary structure is immediate. For PDCs, the 1D 1 H NMR spectrum is complicated by the additional signal from the detergent; however, most detergents do not have signal in the amide proton ''footprint'' region, which is often used to evaluate the secondary structure (Wüthrich 1986) . A caveat is that a-helical proteins, in general, have less signal dispersion than b-sheet proteins due to the length and strength of the hydrogen bonds (Wishart and Sykes 1994) , which can make the evaluation of the overall fold of a-helical proteins solely on proton dispersion difficult. In this study, the evaluation of PDCs based on 1D 1 H NMR spectra is compared with other biophysical techniques as well as 2D 15 N, 1 H-TROSY NMR spectra to determine the reliability of 1D 1 H NMR screening of ahelical membrane proteins.
In addition to SAXS and NMR, far-UV CD spectra and chemical cross-linking data were obtained for all PDCs to confirm the helical secondary structure and to probe the oligomeric states of the proteins, respectively. The data provide a comprehensive study of the solubility and physical properties of eight membrane proteins as well as establishing NMR and SAXS screening methods. From the screen of 45 membrane proteins, detergent conditions for three of the proteins were determined to be suitable for structural studies.
Results

Expression, localization, and purification
Large quantities of material are required for structural studies; therefore, only highly expressing targets are of interest. The expression of the 45 targets was assayed by electrophoresis of the cell lysates on an SDS-PAGE gel shown in Figure 1 . Ten of the proteins overexpressed at substantial levels in E. coli, and are indicated in bold print (Fig. 1) . The localization (membrane, soluble, or insoluble fraction) of each of the expressing proteins was determined. Examples of the two types of fractionation that were observed are shown in Figure 2A . TM1554 and TM0093 had a low overall expression and were localized predominately to the insoluble fraction. The other eight overexpressed proteins localized to the membrane as well as the insoluble fraction. Because of the difficulty in refolding a-helical membrane proteins (Kiefer 2003) , the optimal localization for structural studies is to the membrane, and only proteins with detectable overexpression in the membrane were pursued; the molecular weight and the number of putative transmembrane a-helices are tabulated in Table 2 . Each of the proteins that expressed and localized to the membrane was then solubilized in DM and purified with Co 2+ -affinity chromatography. An SDS-PAGE gel for each fraction of the Co 2+ -affinity purification of TM1514 is shown in Figure 2B as an example. All proteins were observed in the eluent and were substantially pure as assessed from the Coomassiestained gel. After concentrating and dialyzing, the final yield of the proteins was ;2-5 mg/mL for detergent conditions in which the protein was soluble.
Solubility screen
Eleven detergents were chosen based on physical properties, such as head group, chain length, and charge, and success with previous studies; some of their physical properties are listed in Table 1 . Table 2 summarizes the solubility of each protein in the 11 different detergents screened. An example of the results from the detergent screen for TM0361 is shown in Figure 2C . TM0361 is only significantly soluble in four out of the 11 detergents: CHAPS, LDAO, FC-10, and LPPG (assayed on a different Figure 1 . Expression of T. maritima membrane proteins in E. coli. A Coomassie-stained denaturing SDS-PAGE gel of the cell lysate of the 45 proteins after induction. Each target is labeled with the TM (Thermotoga maritima) protein identification number, the overexpressing proteins are labeled in bold, and the cell lysate pre-induction control is labeled PRE. gel). There were a few noteworthy trends observed in the solubility of the eight membrane proteins in the different detergents. LPPG solubilized all of the proteins, and DoDM solubilized six; therefore, in terms of protein solubilization these detergents are superior. In contrast, the glucosides (especially DG) and DHPC performed poorly in solubilizing any of the proteins. The number of detergents in which each protein was soluble varied from three (TM0994) to eight (TM1634). The soluble PDCs were analyzed with 1D 1 H NMR spectroscopy, SAXS, CD spectroscopy, and chemical cross-linking.
1D
1 H NMR spectroscopy One-dimensional 1 H NMR spectra of each PDC were analyzed for signal intensity, line widths, and dispersion in the indole, aromatic, and amide proton region (6-11 ppm). Examples of 1D spectra of various qualities are shown in Figure 3 . Chemical shifts >8.5 ppm indicate the presence of protein secondary structure (arrows in Fig.  3A for TM0026 in DM and FC-12). The superposition of sharp lines and a very broad signal intensity suggest that the protein is partially unfolded and aggregated (Fig. 3B, TM0746 in NG) . Broad lines, such as those observed for TM0746 in LPPG, could be a result of conformational exchange, oligomerization, and/or aggregation. Based on these evaluations, all of the samples were ranked for NMR structure determination as A/U, unfolded or aggregated; poor (ÿ), probably is an oligomer or has chemical exchange; promising (+), possibly folded; or very promising (++), folded. The results are shown in Table 2 .
Chemical cross-linking
The oligomeric states of the protein targets are unknown. In order to investigate the oligomeric state of the proteins, each PDC was chemically cross-linked and evaluated on a denaturing SDS-PAGE gel. Without cross-linking reagents, some of the proteins migrate on a denaturing SDS-PAGE gel as a monomer and/or oligomer depending on the initial detergent before adding the SDS loading buffer. For example, the migration of TM1514 (without cross-linking reagent) in four different initial detergents is shown in Figure 4A . Higher oligomeric states, as well as monomers, are observed in DHPC and FC-10, indicating the protein may be a higher-order oligomer. To probe the oligomeric species, a condition for which TM1514 migrates predominantly as a monomer (DoDM) was subjected to crosslinking with DSG, and the result is shown in Figure 4B . Only dimeric and monomeric species were observed, indicating that TM1514 in DoDM is likely a dimer. Monomers are observed because the cross-linking efficiency of DSG is low due to the competing hydrolysis reaction of the N-hyrdoxy succimide-ester. All soluble PDCs were chemically cross-linked with DSG and/or EDC to investigate the oligomeric state, and the results are summarized in Table 3 . In general, the oligomeric states of the proteins were the same in each soluble detergent condition. These data should be taken as estimates due to the problems associated with cross-linking, some of which are the detection of collision complexes and the accessibility of the cross-linker to the necessary functional groups. Although concentrations and reaction times were optimized for each protein to eliminate collision complexes, these are still issues in evaluating the data.
SAXS: Protein-detergent complexes
SAXS provides a model-free measurement of the radius of gyration and total excess electron density of the PDC through Guinier analysis of the forward scattering intensity. However, the measurement is complicated by the fact that both the PDC and the ''empty'' micelle contribute to the scattering signal and their relative contributions are, a priori, unknown. In this study, two different estimates of the PDC scattering are obtained, which bracket the 
The gray shaded areas correspond to conditions in which the proteins were insoluble. The white areas indicate a condition in which the protein was soluble. Based on the evaluation of the 1D 1 H NMR spectra as shown in Figure 5 , each soluble condition is classified as: A/U, aggregated and/or unfolded; ++, high quality; +, good quality; ÿ, poor quality. a CHAPS has a proton resonance in the amide region that interferes with the evaluation of the PDC.
Characterization of protein-micelle complexes www.proteinscience.org 5 on April 6, 2006 www.proteinscience.org Downloaded from scattering signal from the PDC and can accurately determine the PDC scattering intensity at low angles (the Guinier region). As detailed in Supplemental Material, the first approximation, I(complex ÿ buffer), uses the scattering signal from the protein-detergent solution after subtraction of the buffer (no detergent) scattering as an estimate of the PDC scattering. This is an overestimate of the true PDC scattering, as the ''empty micelle'' also contributes to the Table 1. signal. The second approximation, I(complex ÿ micelle), subtracts the micelle scattering signal recorded for the same concentration of detergent in the absence of protein from the scattering signal of the protein-detergent solution. This approximation is an underestimate of the true PDC scattering because in the presence of protein, a fraction of the detergent molecules associates into the PDCs, lowering the concentration of the ''empty'' micelles compared with the reference detergent solution. In practice, obtaining an upper and lower bound validates the obtained estimates, and, in most cases, the low angle scattering from the PDC can be determined with sufficient accuracy.
Scattering profiles for representative examples of TM0026 in FC-10, FC-12, and LPPG, as well as TM0994 in DoDM, are shown in Figure 5 . One interesting feature noted for both the micelle and the PDC scattering is the observation of a strong second peak in the scattering profiles, which arises from the fact that the detergent alkyl chains have negative scattering contrast with respect to the solvent. The TM0026 data illustrate where the approximations work well. The micelle scattering is weakest for FC-12 and strongest for LPPG; however, the micelle scattering, even for LPPG, is well below the PDC estimates in the low s region used for the Guinier analysis. The insets show the data in Guinier representation (ln(I) as a function of s 2 ); black lines indicate the fitting range used for the R g and I(0) estimates. The fourth example, TM0994 in DoDM, is representative of a case for which the approximate treatment fails. As can be seen from the scattering profiles (Fig.  6D) , the buffer-subtracted scattering is stronger for the ''empty micelles'' as in the presence of the protein, which makes the I(complex ÿ micelle) estimate unphysical (negative values, green solid curve). In this case, it is at best possible to check the PDC sample for the presence of large aggregates and to obtain a rough lower limit for the R g of the PDC.
The R g and I(0) values obtained for both approximations for the examples in Figure 5 are given in Table 4 . For the weakest scattering micelle, FC-12, the two estimates give very similar values for both R g and I(0); the R g estimates deviate by ;1.5 Å , which is less than the experimental error. For FC-12 and LPPG, the R g estimates exhibit a spread of ;5 Å , comparable with or slightly larger than the overall experimental error. The I(0) estimates show a similar trend. For FC-12, both approximations agree to within 5%, lower than the overall experimental error of ;10%. For FC-10 and LPPG, the spread is ;10% and 25%, respectively, still providing a meaningful estimate. For TM0994 in DoDM, the negative signal for I(complex ÿ buffer) makes a physical estimate impossible; the R g is at least as large as the apparent R g from the I(complex ÿ buffer) profile, but likely larger.
Scattering profiles were collected and analyzed for all 40 soluble PDCs. Similar to the case of the LDAO micelle, the five LDAO PDCs exhibited very strong interparticle interference, which prevented any estimation of the R g and I(0). For TM0859 in DoDM and CHAPS, R g and I(0) values were not obtained because the scattering signal was too low due to poor protein yields and/or the detergent micelle scattered too strongly. The R g data for the remaining 33 soluble PDCs are presented in Table 3 . The two different R g estimates (using I complex ÿ I buffer and I complex ÿ I micelle methods) are tabulated, as well as a final R g and error assessment. The two estimates typically bracket the true R g value quite closely, with a spread comparable with (and in some cases even smaller than) the experimental error as determined from repeat measurements and Guinier fits with different fitting ranges. Similar to the example of TM0994 in DoDM in Figure 5 and Table 4 , the strongly scattering micelles of DM, DoDM, and CHAPS caused fairly inaccurate R g estimates with errors up to 610 Å or in four instances only a lower bound of the R g could be estimated.
The forward scattering intensity provides a model-free measurement of the total excess electron density of the PDC. The excess electron density can in principle be due to protein or detergent molecules, and a method for estimating the contributions of each is presented in the Supplemental Material. As a result, solutions satisfying the constraints imposed on the number of the detergent molecules in the PDC provide estimates for the oligomeric states of some of the PDCs, and the results are shown in Table 3 .
The PDCs with high-quality 1 H NMR spectra (Table 2 ) are possible candidates for solution NMR structure determination. To further investigate the possibility of NMR structure determination of these PDCs, TM1634 (Fig. 6) . Each spectrum should have a cross-peak for each amide nitrogen-proton pair (except for proline residues) and each tryptophan indole nitrogen-proton pair. In addition to the number of peaks, the spectra should lack significant line broadening indicative of conformational exchange, and the peak intensities should be homogenous.
Based on the evaluation in Table 2 , TM0026 in DM and FC-12 yielded very promising results for further structural studies. The 15 N, 1 H-TROSY spectra support this conclusion. For TM0026 in DM, 76 of the 78 expected cross-peaks were observed, the peak intensities were homogenous, and line broadening was observed only for a select few resonances. For FC-12, 74 of the 78 expected peaks were observed; however, the peak intensities are not as homogenous as for the TM0026 DM PDC. The overall pattern of cross-peaks were similar between DM and FC-12; however, some chemical shift differences were evident. For a comparison the 15 N, 1 H-TROSY spectra were recorded for the less favorable conditions FC-10 and DoDM. In both detergents, there were far less than the expected number of cross-peaks and significant line broadening was observed, consistent with the evaluations based on the 1D 1 H NMR spectra. TM1634 had the most soluble detergent conditions; however, only the most promising detergent condition was investigated for comparison with the 1D 1 H NMR spectrum. TM1634 in LDAO did not need to be deuterated, and the 15 N, 1 H-TROSY spectrum is shown in Figure 6 . The peak intensities are homogenous, and 110 of 140 expected cross-peaks were observed. None of the 1D 1 H NMR spectra indicated promising detergent conditions for TM1514, predominantly because a 1, Monomer; 2, dimer; ½, monomer or dimer; ND, data were not determined because optimal cross-linking conditions could not be found (i.e., a predominant species could not be determined depending on the reagent, the pH, and the time of incubation); NR, the oligomeric state was not determined.
b These values were obtained with a lower DoDM concentration (5 mM) compared with the experiment in Figure 7 (120 mM). c I(0) micelle > I(0) complex and the R g could not be estimated.
of line broadening. To confirm the interpretation of the 1D 1 H spectra was likely due to the molecular weight of the protein dimer (as determined by SAXS and chemical cross-linking), the protein was 15 N-or 15 N, 2 H-labeled and 15 N, 1 H-TROSY spectra were recorded in each detergent condition. Without deuteration only two or three sharp cross-peaks were observed; however, with ;75% deuteration of the protein, the best spectrum obtained is shown in Figure 6 . Significant line broadening and 82 of 145 expected peaks were observed. These results are in agreement with the assessment based on the
1D
1 H NMR spectra that none of the detergent conditions were appropriate for NMR structure determination for this target most likely due to the molecular weight of the PDC. Therefore, TM1514 in DoDM seemed to be a candidate for X-ray crystallographic studies and initial crystal leads exhibit diffraction to better than 6-7 Å (data not shown).
3D
15 N-resolved NOESY spectroscopy
In addition to structure determination, NMR spectroscopy provides a means to investigate interactions between the detergent micelle and the protein (Fernandez et al. 2002) . Nuclear Overhauser effects (NOEs) between the membrane protein and the detergent molecules provide a detailed description of protein-detergent interactions. In particular, the NOEs between the hydrophobic alkyl chain and the backbone amide proton indicate the protein is folded within the interior of the micelle. Selected strips from a 15 N-resolved NOESY spectrum of TM0026 in DM are shown in Figure 7 . The 1D 1 H NMR spectrum of the detergent is aligned on the right with the resonances from the alkyl chain protons assigned to the structure of DM. NOEs between 25 protein amide protons and detergent protons in the hydrophobic tail are observed. Without a backbone assignment, the identity of the amino acids that are in the micelle interior is not known. However, the knowledge that a significant portion of the protein (;35%) is located in the interior of the micelle is indicative that the protein is properly encapsulated in the micelle rather than solubilized in an alternative conformation, such as on the surface of the micelle. The extent of deuteration is ;75%, and spin diffusion is not likely to be a major factor even at a mixing time of 200 msec.
Discussion
Expression and localization
To date, three published studies reported high-throughput expression screening of bacterial membrane proteins in E. coli (Dobrovetsky et al. 2005; Eshaghi et al. 2005; Korepanova et al. 2005) . The reported successes in expression vary from 30% to 71%; however, several technical aspects need to be considered when comparing the numbers from each of these studies: (1) the number of constructs (i.e., C-terminal and N-terminal His-tags, different promoters, or different fusion proteins) and the number of E. coli cell lines attempted for each protein; (2) the protein detection method used to assay expression (Coomassie or Western blot); and (3) the localization of the expressing protein (i.e., the insoluble or the membrane fraction). In this study, 22% of the proteins overexpressed as determined with Coomassie staining. Eshaghi et al. (2005) and Dobrovetsky et al. (2005) reported 71% and 30%, respectively, of protein targets expressed in E. coli as assayed with Western blot analysis. The high expression success of Eshaghi et al. (2005) is likely attributed to the use of five different fusion tags for each protein and three different cell lines. In addition, these studies utilized Western blot analysis for evaluation of expression, which also detects protein levels below the Coomassie detection method used in this study. For comparison, Korepanova et al. (2005) compared the staining methods and found 25% of the proteins they investigated overexpressed, as assayed with Coomassie, and 50% expressed, if detected by Western blot analysis.
Only one of the three published studies separated the insoluble fraction from the membrane fraction. Korepanova et al. (2005) reported that almost all of the protein targets were detected in the insoluble fraction, 9% of which also overexpressed to the membrane. Our results are similar in that all of the proteins expressed to the membrane were also detected in the insoluble fraction; however, 18% overexpressed to the membrane. These data suggest the importance of isolating the insoluble fractions (presumably unfolded proteins) before solubilizing the membrane fraction (properly folded proteins), if a refolding protocol is not implemented. Establishing membrane localization in the case of the abundant hypothetical putative membrane proteins (;55% of T. maritima membrane proteins, including the eight proteins in this study, are of unknown function) is important because the association to the membrane is predicted based on hydrophobicity, charge bias, and helical length, and needs to be confirmed with experimental evidence.
Solubility
High-resolution membrane protein structures have been determined in a select few detergents. These include OG, DM, DoDM, and LDAO for crystallography (Wiener 2004) and DHPC (Fernandez et al. 2004 ), FC-12 (Hwang et al. 2002; Oxenoid and Chou 2005) , and OG (Hwang et al. 2002) for solution NMR spectroscopy. One study implicated LPPG (Krueger-Koplin et al. 2004 ) as a potential detergent for solution NMR spectroscopy structure determination, although a structure has not been reported in this detergent. In this work, glucosides, maltosides, DHPC, CHAPS, LDAO, phosphocholines, and LPPG were surveyed for solubility of the eight overexpressing membrane proteins. In terms of solubility, LPPG and DoDM were the most successful; in fact, all eight proteins are soluble in LPPG (Table 2) . A general trend in the chain length and the ability to solubilize was observed; the detergents with the longer alkyl chains solubilized more proteins than those with shorter chains. The hydrophobic effect is stronger for the longer chain detergents, thereby providing a closer mimic to the lipid bilayer, which is likely to increase the solubility and stability of the PDC. Several studies found similar results and have directly measured increases in stability and activity of membrane proteins in detergents with longer (>10 carbons) alkyl chains (Knudsen and Hubbell 1978; Vinogradova et al. 1998 ). However, detergents that are too long may alter helix-helix interactions due to the protein adapting to the size and shape of the micelle (Therien and Deber 2002) . In addition to chain length, the size of the head groups must also play a role in solubility influenced by the drastic results between DG and DM.
Overall fold, size, and oligomerization state of PDCs
The CD (data shown in Supplemental Material) and 1D 1 H NMR spectroscopy indicated that all the proteins have helical structures in the micelles in which they are soluble. Although complicated by the detergent proton resonances, the 1D 1 H spectrum of PDCs was useful in evaluating the PDCs for NMR structure determination. In the case of TM0026 and TM1634, the PDCs that yielded high-quality 15 N, 1 H-TROSY spectra were in fact the conditions that had the high-quality 1D 1 H NMR spectra. Although the oligomerization states are estimates, in most cases the SAXS and the cross-linking data agree. Both techniques suggest that TM1634, TM1514, and TM0026 are dimeric and TM0361, TM0746, and TM0859 are monomeric. The SAXS data suggest that the oligomers are destabilized by LPPG or stabilized by the other detergents.
The radius of gyration measured with SAXS is similar to the hydrodynamic radius of gyration and is a global measure of the size and shape of the molecular complex. The difference is that the R g from SAXS measurements is electron density contrast weighted and the hydrodynamic R g is mass weighted; however, both measurements are correlated to the diffusion properties of the molecular complex. It is interesting to compare the R g values between different PDCs to attempt to understand the dominating factors that dictate the size of the PDC and, hence, the stoichiometry of detergent to protein. For instance, TM0026 has a relatively constant R g value between the five different detergents with a range of 40-47 Å . Conversely, TM1634 has a much larger range of R g values between 38 and 65 Å . Since the protein is a dimer in all detergents (except LPPG), these differences must be due to the detergent. The data suggest that properties of both the detergent and the protein dictate the size and shape of the PDC. The R g values do not correlate with molecular weight or the number of transmembrane helices (i.e., the hydrophobic surface area). However, a slight bias observed throughout the data is that the detergents that form larger micelles also form larger PDCs. A more extensive data set including larger proteins may provide correlations between the detergent and the protein properties that mediate the formation of the PDC. In the future, to investigate the ''matching'' of detergents to proteins, SAXS techniques and 3D NMR 13 C and 15 N-resolved [ 1 H, 1 H]-NOESY spectroscopy could be combined to determine the protein oligomeric state, the number of detergent molecules, and the specific interactions between the proteins and the detergent in the PDC. Currently, a method is under development to obtain a more accurate estimate of the PDC scattering profile over the entire measured angle range from a singular value decomposition (SVD) (Doniach 2001 ) of scattering data collected at different protein and detergent stoichiometries. An accurate estimate of the full scattering profile allows the possibility to construct and test molecular models of the PDC based on SAXS alone, or in combination with NMR data similar to that presented in Figure 7 . However, as these SVD studies require several measurements and modeling for each protein-detergent combination, they are less well suited for the high-throughput screening approach presented in this study, which only requires a single measurement of the PDC.
Line broadening is a significant impediment to NMR structure determination, and distinguishing between molecular weight (e.g., the overall correlation time) and conformational exchange (microsecond to millisecond protein fluctuations between two or more conformations) contributions to the line width is important, especially for PDCs for which the membrane proteins are solubilized in unnatural conditions to mimic the membrane environment and have unknown oligomeric states. Different micellar environments may modulate protein dynamics differently. For example, if the helix-helix packing were destabilized in one micelle versus another, the dynamics of the helices would be affected differently in each micelle. Hence, the different dynamics could result in line broadening from conformational exchange in one micelle but not be observed in another. However, line broadening could also be due to a high molecular weight of the PDC either from the detergent micelle, protein oligomerization, or both. The line widths in the 1D 1 H and 2D 15 N, 1 H-TROSY NMR spectra of TM0026 in FC-10 and DoDM were significantly broader than those observed in DM and FC-12. The SAXS data and cross-linking indicate that TM0026 is a monomer in all detergent conditions, implying that the spectral differences are not due to the oligomerization of the protein. Therefore, the line broadening observed for the FC-10 and DoDM PDCs is either due to differences in the micelle size or from conformational exchange. The SAXS data provide an estimate of the size and shape of the PDC and, in the case of TM0026, the R g is similar for all detergent conditions at 46 Å . Therefore, the likely explanation is that conformational exchange occurs in FC-10 and DoDM that is not present in FC-12 and DM. The explanation for this result is not the alkyl chain length, because they are identical for each pair FC-10/DM and FC-12/DoDM. However, the aggregation number differs between the detergents. The two detergent conditions that lack significant line broadening have aggregation numbers of ;70 detergent molecules; however, DoDM has ;135 and FC-10 has ;40 detergent molecules (data not shown). It is possible that the packing density of the detergents is important due to steric constraints of the hydrophobic surface.
Choosing detergents for solution NMR studies of membrane proteins
The extensive screen presented here indicates that there is not one detergent that is well suited for NMR studies of membrane proteins; solubility, dynamics, the hydrophobic surface area of the protein, and other physical properties differ for each PDC, and the proper combination still needs to be empirically determined. For instance, in this detergent screen, the longer chain lipids solubilize well but do not necessarily correlate with quality samples for NMR structure determination, as seen for LPPG. This is likely due to the rather large micelle and the resulting large complex as indicated by the measured R g . Another interesting observation is the lack of aromatic proton dispersion (compared with other conditions) in LPPG PDCs, as shown in Figure 3 , A and B, with a horizontal bar. The lack of dispersion indicates the aromatic side chains are in similar environments, which is not usually observed in NMR spectra of folded proteins.
Conclusion
This study emphasizes the importance of screening a variety of detergents and characterizing protein-detergent complexes with a battery of techniques for successful structure determination. We have established SAXS and NMR spectroscopy as valuable screening tools in evaluating PDCs for successful structural investigations. A method of estimating the scattering profile of the PDC in the low angle region from a single measurement of the protein is presented in order to obtain a reasonably accurate measurement of the radius of gyration and protein oligomerization state (via the forward scattering intensity) for most protein-detergent combinations. NMR methods traditionally used to evaluate the fold of soluble proteins were shown to be applicable to membrane proteins in detergent micelles. Cumulatively, the data acquired have provided solution conditions for TM0026, TM1514, and TM1634, in which the proteins are folded and the PDC is stable. Based on the quality of the 2D 15 N, 1 H-TROSY NMR spectra, TM0026 in DM and TM1634 in LDAO are promising candidates for NMR structure determination. In addition, the physical characterization and the preliminary crystals of TM1514 in DoDM suggest the PDC is suitable for crystallographic studies.
Materials and methods
Cloning and expression
Genes representing 97% of the T. maritima genome were cloned into expression vectors as an effort of The Joint Center for Structural Genomics (JCSG) (Lesley et al. 2002) . These vectors encode a purification tag (MGSDKIHHHHHH) at the N terminus of the full-length protein. Protein expression was performed with TB media (24 g/L yeast extract and 12 g/L tryptone) containing 1% glycerol (v/v), 50 mM MOPS (pH 7.6), and 100 mg/mL ampicillin in the 65 mL/96 cultures GNFermentor (DiDonato et al. 2004) . Expression was induced by the addition of 0.20% arabinose for 3 h. For uniform 15 N-labeling, Celtone media (Spectra Stable Isotopes) supplemented with 50 mM MOPS (pH 7.6), 50 mM NaCl, 1% glycerol, and 100 mg/mL ampicillin was used. For deuterated, 15 N-labeled proteins, published protocols using conventional shakers and minimal media in D 2 O supplemented with 15 NH 4 Cl were used. The GNFermentor could not be used because evaporation was observed for the lengthy times required for growth and expression (;2 d). Fresh transformations were required for efficient and reproducible expression. Expression was assayed on an SDS-PAGE gel (4-20%, Invitrogen) with an addition of 8 M urea to the standard loading buffer.
Localization
Bacteria were lysed by sonication in lysis buffer (50 mM Tris at pH 8.0, 100 mM NaCl, 1 Complete protease inhibitor pellet [Roche]), and cell debris was pelleted by low-speed centrifugation at 15,000g for 30 min. The insoluble pellet was washed with lysate buffer containing 0.4% n-decyl-b-D-maltoside (DM, Anatrace, Inc) and centrifuged again at 15,000g for 30 min. The pellet was additionally washed with lysate buffer to remove excess detergent and the remaining pellet was resuspended in lysate buffer. The soluble fraction from the first low-speed spin containing the membrane was centrifuged at 100,000g for 1 h. The membrane pellet was resuspended in lysis buffer and centrifuged again at 100,000g for 1 h. The remaining pellet was resuspended in lysate buffer with 0.4% DM and incubated at room temperature for 3 h. The insoluble, supernatant, and membrane fractions were analyzed by SDS-PAGE gel and the localization of the protein was determined.
Protein purification
Bacteria were lysed by sonication in lysis buffer (50 mM Tris at pH 8.0, 100 mM NaCl, 1 Complete protease inhibitor pellet [Roche]), and cell debris was removed by low-speed centrifugation at 15,000g for 30 min. DM (0.4%) was added directly to the supernatant containing the cell membranes and incubated for 3 h. The solubilized protein was purified using standard cobaltchelating chromotography (GE Healthcare). The wash buffer (25 mM sodium phosphate at pH 7.8, 100 mM NaCl, 25 mM imidazole) and elution buffer (wash buffer with 600 mM imidazole) each contained one of 11 detergents at a concentration above the reported critical micelle concentration (CMC) and with the micelle concentration approximately twofold greater than the protein concentration. DHPC and LPPG were purchased from Avanti Polar Lipids, and the remaining detergents were purchased from Anatrace. The elution was concentrated to 600 mL, and the imidazole was removed by dialysis (20 mM sodium phosphate at pH 7.0, 150 mM NaCl). For detergents with high CMCs (>0.5%), the protein solution was dialyzed against 2 3 4L for 30 min for each 4 L dialysis. For detergents with low CMCs, the protein solution was dialyzed against 3 3 4 L for 1 h for each 4 L dialysis. Table 1 lists the CMC, the micelle size, and the ionic property of the detergents used.
Detergent concentrations of the final sample were measured with 1D 1 H NMR spectroscopy by comparing the spectra of the sample with spectra of solutions with known detergent concentrations. The measured detergent concentrations for the PDC solutions were used to prepare the appropriate solution for the SAXS measurements in which the scattering of the micelle solutions are subtracted for the protein-detergent solution. Protein concentrations were measured from the absorbance at 280 nm in 6 M guanidine hydrochloride and with the BCA protein assay (Pierce).
Detergent screen
After dialysis, the protein solutions were incubated at room temperature for 5 d (selection of this time period was dictated by the typical time required for recording triple resonance experiments). The solutions were spun at 18,000g for 30 min, and both the pellet and supernatant were examined with SDS-PAGE gel. Samples were never heated before loading on SDS-PAGE gels. If the protein was in the supernatant, then 5% D 2 O was added and 1D 1 H NMR spectra were recorded.
Chemical cross-linking
Soluble PDC complexes were reacted with the hydrophobic cross-linker DSG and/or with a hydrophilic cross-linker EDC. Protocols from Pierce were followed using the following reaction conditions: 20 mM phosphate buffer (pH 7), 150 mM NaCl, 0.6 mM DSG, and ;10 mM protein for ;15 min or 50 mM HEPES (pH 8), 150 mM NaCl, 2.5 mM EDC, and ;10 mM protein for ;90 min. Each reaction was evaluated with SDS-PAGE denaturing gels, and the oligomeric state was estimated based on the migration of the reacted protein compared with unreacted protein. Reaction times and protein concentrations were optimized for each PDC.
SAXS
All data were recorded on beam line BESSERC CAT 12-ID at the Advanced Photon Source, employing a 2 m camera and a CCD detector at a photon energy of 12 keV. The measurements were performed at 25 6 1°C using a custom-made thermostated cell with a sample volume of 16 mL. For each data point, a total of five measurements of 0.1 sec integration time were recorded. Data were image-corrected and circularly averaged; the five profiles for each condition were averaged to improve signal quality. We tested for possible radiation damage by comparing subsequent exposures of the same sample, and no change was detected. A theoretical treatment of the SAXS methods is provided in the Supplemental Material.
NMR spectroscopy
All NMR data were recorded at 313 K on a 600 MHz Bruker Avance spectrometer. The 1D 1 H NMR spectra were recorded with the Watergate W5 pulse sequence (Liu et al. 1998) , 2048 accumulated transients, and a time domain data size of 4096 complex points. The large number of scans needed was in part due to the strong intensity of the detergent, which required the receiver gain to be low (;32 
